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FIGURE 1. Ultrasonic Tube Testing Facility
The e l e c t r o n i c u n i t s a r e b u i l t i n t o a T e k t r o n i x O s c i l l oscope p l u g -i n c h a s s i s . The o s c i l l o s c o p e s a r e used f o r d i sp l a y i n g t h e s i g n a l t r a i n and g a t i n g p u l s e s .
The t r a n s d u c e r s a r e mounted on f i x t u r e s i n s i d e t h e w a t e r t a n k . Micrometer a d j u s t m e n t s a l l o w t h e t r a n s d u c e r s t o be a c c u r a t e l y a l i g n e d t o t h e t u b e s u r f a c e .
The r e c o r d e r h a s two c h a n n e l s and i s used t o r e c o r d t h e d e f e c t r e s p o n s e s . One channel i s f o r t h e t r a n s v e r s e d e f e c t s , and t h e o t h e r i s f o r t h e a x i a l d e f e c t s .
The t r a n s p o r t system p r o v i d e s an a c c u r a t e h e l i c a l s c a n a l o n g t h e t u b e l e n g t h . A synchronous motor p r o v i d e s a t u b e r o t a t i o n o f 1450 rpm. The w a t e r t a n k , c o n t a i n i n g t h e t r . a n sd u c e r s , i s t r a n s l a t e d t h e l e n g t h o f t h e t u b e by a motor d r i v e n l e a d screw.
E L E C T R O N 1 CS Two modified NORTEC NDT-100 u l t r a s o n i c t e s t e r s , one f o r each t r a n s d u c e r , were u s e d . The f u n c t i o n o f t h e s e u n i t s was t o r e p e t i t i v e l y p u l s e t h e t r a n s d u c e r s , a m p l i f y and p r o c e s s t h e r e t u r n echoes f o r d i s p l a y on a s t r i p c h a r t r e c o r d e r . S i n c e t h e b a s i c t e s t e r s c o n s i s t e d of o n l y a p u l s e r and r e c e i v e r , g a t i n g and i n t e g r a t i n g c i r c u i t s were d e s i g n e d and i n c o r p o r a t e d i n t h e u n i t s . F i g u r e 2 shows a b l o c k diagram o f th-e modified u n i t . The o p e r a t i o n i s a s f o l l o w s . The p u l s e r s u p p l i e s a s h a r p s p i k e p u l s e t o t h e t r a n s d u c e r a t a f i x e d r e p e t i t i v e r a t e . The s i g n a l s from t h e t r a n s d u c e r a r e a m p l i f i e d by t h e a m p l i f i e r and t h e n d i s p l a y e d on t h e o s c i l l oscope CRT. This same s i g n a l t r a i n i s a l s o coupled t o t h e Flaw Gate which h a s two modes of o p e r a t i o n : D i r e c t and S u r f a c e Gate 
I n t h e D i r e c t mode, t h e t i m e p o s i t i o n of t h e g a t i n g p u l s e i s f i x e d . I n t h e S u r f a c e Gate F o l l o w e r mode, t h e p o s it i o n o f t h e g a t i n g p u l s e r e m a i n s a f i x e d amount o f t i m e b e h i n d
t h e f r o n t s u r f a c e s i g n a l . Thus, i f t h e t u b e t o t r a n s d u c e r d i s t a n c e v a r i e s , s o w i l l t h e g a t i n g p u l s e and t h e f l a w s i g n a l s w i l l always o c c u r w i t h i n t h e g a t i n g p u l s e . The Delay and Gate P e d e s t a l G e n e r a t o r c i r c u i t s p r o v i d e t h e n e c e s s a r y s i g n a l s f o r t h e p o s i t i o n i n g o f t h e f l a w g a t e . The o u t p u t o f t h e f l a w g a t e c o n t a i n s o n l y t h e d e f e c t s i g n a l s . T h i s o u t p u t i s c o u p l e d t o a p e a k r e a d e r c i r c u i t which p r o c e s s e s t h e s i g n a l s f o r d i s p l a y on a s t r i p c h a r t r e c o r d e r .
T U B I N G TRANSPORT S Y S T E M
The t r a n s p o r t s y s t e m p r o v i d e s t h e b a s i c h e l i c a l s c a n o v e r t h e l e n g t h r e q u i r e d f o r 1 0 0 % u l t r a s o n i c i n s p e c t i o n o f t h e t u b i n g . The e q u i p m e n t , i l l u s t r a t e d i n F i g u r e 3 , p r o v i d e s t h e t e s t s c a n w h i l e a c c u r a t e l y m a i n t a i n i n g t h e r e q u i r e d t u b e t o t r a n s d u c e r a 1 ignmen t .
With t h e t a n k a t t h e end p o s i t i o n , t h e t u b e t o b e t e s t e d
i s p l a c e d between t h e m a n d r e l s and g r a s p e d on t h e i n s i d e s u rf a c e by e x p a n d a b l e r u b b e r c h u c k s . The t u b i n g i s t h e n r o t a t e d by a s y n c h r o n o u s motor c o u p l e d t o t h e m a n d r e l . A s e c o n d m o t o r i s c o u p l e d t o a l e a d s c r e w which d r i v e s t h e t e s t t a n k i n e i t h e r d i r e c t i o n . E n t r y p o r t s a t t h e s i d e s o f t h e w a t e r t a n k p r o v i d e a c c e s s f o r t h e t u b e b e i n g t e s t e d . Rubber "ow r i n g s , mounted i n b e a r i n g s , f i t s n u g l y a r o u n d t h e t u b e and c o n t a i n t h e w a t e r . To r e d u c e t h e t e n d e n c y o f some t u b e s t o v i b r a t e when r o t a t e d a t 1450 rpm, t u b e s t a b i l i z e r s a r e mounted 1 8 i n . a p a r t on t h e main f r a m e . The s t a b i l i z e r s a r e d e s i g n e d s o t h a t t h e y open and c l o s e upon t h e p a s s i n g o f t h e t a n k . While t h e t u b i n g i s r o t a t e d , t h e t e s t t a n k i s t r a n s l a t e d from i t s s t a r t p o s it i o n , o v e r one m a n d r e l , t o i t s f i n i s h p o s i t i o n o v e r t h e o t h e r m a n d r e l . The t e s t e d t u b e i s t h e n r e a d y t o b e exchanged f o r an u n t e s t e d t u b e . An exchange c a n t a k e p l a c e i n l e s s t h a n 60 s e c .
D E S C R I P T I O N O F U L T R A S O N I C T E C H N I Q U E

An u l t r a s o n i c p u l s e -e c h o t e c h n i q u e was used t o i n s p e c t t h e
c l a d d i n g . Two t r a n s d u c e r s were u s e d , one o r i e n t e d t o d e t e c t t r a n s v e r s e d e f e c t s , and t h e o t h e r o r i e n t e d t o d e t e c t a x i a l d e f e c t s a s i l l u s t r a t e d i n F i g u r e 4 .
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FIGURE 4. U l t r a s o n i c Transducer P o s i t i o n s I n i t i a l l y , numerous d i f f e r e n t t y p e s of t r a n s d u c e r s and modes of u l t r a s o n i c wave p r o p a g a t i o n were i n v e s t i g a t e d . The b e s t r e s u l t s were o b t a i n e d w i t h a round, unfocused t r a n s d u c e r
i n t h e t r a n s v e r s e t e s t , and a medium s p h e r i c a l l y f o c u s e d t r a n sd u c e r i n t h e a x i a l t e s t . The complete t e s t i n g p a r a m e t e r s a r e g i v e n i n Table 1.   TABLE 1 . U l t r a s o n i c T e s t P a r a m e t e r s T r a n s v e r s e T e s t T r a n s d u c e r 8 M H z ? f l a t -f a c e d 125 m i 1 d i a m e t e r c e r a m i c A x i a l T e s t T r a n s d u c e r 10 MHz, s p h e r i c a l l y f o c u s e d c e r a m i c T r a n s v e r s e T r a n s d u c e r Angle 1 6 " A x i a l T r a n s d u c e r O f f s e t P u l s e R e p e t i t i o n R a t e 40 m i l s 6000 pps Tube R o t a t i o n 1450 rpm R e l a t i v e Tube T r a n s l a t i o n Rate 9 i n . / m i n 
C A L I B R A T I O N STANDARD
I n a c c o r d a n c e w i t h t h e t e s t i n g s p e c i f i c a t i o n s ( s e e Appendix A) , a c a l i b r a t i o n s t a n d a r d was f a b r i c a t e d . Notches were i n d u c e d by t h e e l e c t r i c -d i s c h a r g e -m a c h i n i n g (EDM) method i n a d e f e c t -f r e e t u b e . A drawing o f t h e s t a n d a r d and t h e measured n o t c h d e p t h s a r e shown i n F i g u r e 5. A l l n o t c h e s were s p e c i f i e d t o be 30 m i l s l o n g by 5 m i l s w i d e . T h r e e d i f f e r e n t d e p t h s , f o r e a c h o r i e n t a t i o n and l o c a t i o n , was d e s i r e d f o r c a l i b r a t i o n p u r p o s e s . S i n c e t h e EDM p r o c e s s i s n o t a c c u r a t e enough t o p r o d u c e t h e e x a c t d e s i r e d d e p t h , a l l n o t c h e s were r e p l i c a t e d and t h e dimensions measured w i t h a m i c r o s c o p e .
Q U A L I T Y CONTROL PROCEDURES * A N D T E C H N I Q U E S
A s t a t i s t i c a l c o n t r o l program was f o l l o w e d t h r o u g h o u t t h e t e s t i n g o f t h e t u b i n g . The p u r p o s e o f t h i s program was t o v e r i f y t h a t t h e t e s t e r p r e c i s i o n s t a y e d w i t h i n known l i m i t s .
A p r e r e q u i s i t e t o t h e s t a r t o f t h e i n s p e c t i o n was t h e knowledge o f t h e t e s t e r ' s s h o r t and l o n g term d r i f t . T h i s was d e t e r m i n e d by i n s p e c t i n g t h e c a l i b r a t i o n s t a n d a r d w i t h t h e t e s t e r 5 t i m e s i n s u c c e s s i o n a t 1 h r i n t e r v a l s o v e r an
t a t i s t i c s , t h e v a r i a n c e o f t h e a m p l i t u d e s o f t h e t e s t e r r e s p o n s e from e a c h s t a n d a r d n o t c h was c a l c u l a t e d . T h i s was done f o r b o t h a s h o r t -t e r m and l o n g -t e r m b a s i s .
The s h o r t -t e r m v a r i a n c e was i n d i c a t i v e o f t h e p r e c i s i o n and t h e l o n g -t e r m was a measure o f t h e i n s t r u m e n t ' s d r i f t .
A c a l i b r a t i o n c u r v e was t h e n p l o t t e d o f t h e measured n o t c h d e p t h s v e r s u s t h e s t a t i s t i c a l means o f t h e t e s t e r r e s p o n s e a m p l i t u d e s , a s o b t a i n e d from t h e s h o r t t e r m v a r i a n c e . T h i s p l o t , a l o n g w i t h t h e t e s t e r p r e c i s i o n d a t a , e n a b l e d t h e r e j e c t l e v e l t o be s e t s o t h a t t h e t e s t i n g s p e c i f i c a t i o n c o u l d b e met.
C o n t r o l of t h e t e s t e r was m a i n t a i n e d t h r o u g h o u t t h e i n s p e c t i o n by u s e of c o n t r o l c h a r t s . The t e s t i n g p r o c e d u r e r e q u i r e d t h a t t h e c a l i b r a t i o n s t a n d a r d be i n s p e c t e d two c o n s e c ut i v e t i m e s b e f o r e i n i t i a t i o n o f p r o d u c t i o n t e s t i n g and a t a p p r o x i m a t e l y e a c h h o u r t h e r e a f t e r . The r a n g e and a v e r a g e f o r e a c h o f t h e nominal 1 m i l deep n o t c h e s were c a l c u l a t e d . These n o t c h e s were t h e c i r c u m f e r e n t i a l i n s i d e and o u t s i d e n o t c h e s , and t h e a x i a l i n s i d e and o u t s i d e n o t c h e s . The a v e r a g e and r a n g e f o r e a c h n o t c h were t h e n p l o t t e d on t h e i r r e s p e c t i v e c o n t r o l c h a r t s . These v a l u e s h a d t o b e w i t h i n s t a t i s t i c a l l y d e t e r m i n e d l i m i t s o r t h e t e s t e r was o u t o f c o n t r o l . An o u t -o f -c o n t r o l s i t u a t i o n r e q u i r e d c o r r e c t i v e a c t i o n and a l l t u b e s h a d t o b e r e t e s t e d s i n c e t h e l a s t s a t i sf a c t o r y r u n o f t h e s t a n d a r d .
Extreme c a r e was e x e r c i s e d d u r i n g t h e i n s p e c t i o n t o p r e v e n t damaging t h e t u b e s . The t u b e s were s h i p p e d i n i n d iv i d u a l c a r d b o a r d c o n t a i n e r s . They remained i n t h e s e cont a i n e r s u n t i l t h e y were i n s p e c t e d . Then o n l y one t u b e a t a time was removed from i t s c o n t a i n e r . T h i s e x t r a p r e c a u t i o n d i d n o t add s i g n i f i c a n t l y t o t h e t e s t i n g t i m e .
TEST R E S U L T S
The 2 7 4 4 f t o f t u b i n g c o n s i s t e d o f 392 7 -f t l o n g t u b e s .
Of t h e s e , 255 t u b e s were d e s i g n a t e d G Lot and t h e r e m a i n i n g 137 t u b e s w e r e d e s i g n a t e d H L o t . I n a d d i t i o n t o d e f e c t s , some o f t h e t u b e s p r e s e n t e d a background n o i s e l e v e l h i g h e r t h a n t h e r e j e c t l e v e l . A c c o r d i n g t o t h e t e s t i n g s p e c i f ic a t i o n s , t h e s e were a l s o r e j e c t s . However, f o r a n a l y s i s p u rp o s e s , a s e p a r a t e c a t e g o r y i s shown i n t h e t a b l e . A g a i n , G L o t h a d a f e w e r number i n t h i s c a t e g o r y . The e x a c t c a u s e o f t h i s n o i s e was n o t d e f i n i t e l y d e t e r m i n e d , a l t h o u g h s e v e r a l o f t h e s e t u b e s h a d a l a r g e r g r a i n s i z e t h a n t h e o t h e r s . 
